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Invasive stage embryos of the parasitic wasp Copidosoma ﬂoridanum transmigrate through the epi-
thelium of phylogenetically distant host embryos in a manner that is similar to mammalian leuko-
cyte inﬁltration. Host embryonic cells appear to recognize the invading wasp embryo by
components on the cell surface. We developed an in vitro wasp entry inhibition assay and found
that C-type lectins of the wasp embryo bound to N-linked carbohydrate chains with fucose residues
on the surface of host embryo. This is the ﬁrst report showing a receptor–ligand interaction between
heterologous multicellular organisms.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
For endoparasitic organisms, entering the host body is essential.
In most parasitic wasps, host entry and subsequent development is
either accomplished by laying eggs directly into the body of the
host and then evading the immune defenses [1], or by entering
the host as newly hatched larva [2]. These host–parasitic wasp
interactions occur between the host cells and the individual organ-
ism of the wasp (i.e., as chorionated eggs or as larvae with cuticle-
covered epidermis). On the other hand, interactions at cellular le-
vel between polyembryonic wasps, whose development is pro-
longed in morula-stage embryos without chorions, and the host
have been thoroughly clariﬁed [3–5].
Copidosoma ﬂoridanum (Hymenoptera: Encyrtidae) is a polyem-
bryonic egg-larval parasitoid of Thysanoplusia intermixta (Lepidop-
tera: Noctuidae) and related moth species. The egg exhibits
holoblastic cleavage and develops into a morula consisting of
embryonic cells surrounded by an extraembryonic syncytium. Un-
like the morulae of other parasitoids which undergo morphogene-
sis, the C. ﬂoridanum morula proliferates and produces more than
2000 genetically identical larvae in the last instar host larva. At
an early stage of embryogenesis, C. ﬂoridanum enters a host em-
bryo either by laying eggs directly into it, or by migration of the
morula-stage wasp embryo. The latter method of entry occurschemical Societies. Published by E
.when C. ﬂoridanum eggs are laid in the yolks of freshly laid host
eggs [5]. In the culture milieu, the morulae migrate at a velocity
of approximately 50 lm/h. A morula that attaches to the surface
of a host embryo initially penetrates the host embryonic amnion
and eventually enters the embryonic tissues. The morula invasion
is characterized by the absence of any injury to the host cells at the
invasion site, as well as by species-speciﬁcity between the host and
C. ﬂoridanum. Gap junctions, which are typically restricted to con-
speciﬁc cells or the cells of closely related species [6–8], have been
observed to form between the extraembryonic syncytium of the
morula and the host embryonic cells [9]. In addition, host embry-
onic epidermal cells have also been reported to extend their micro-
villi towards the C. ﬂoridanum morula [9]. Taken together, these
ﬁndings suggest the existence of speciﬁc molecules on the surface
of the parasitoid morula and/or the epithelial cells of the host em-
bryo which serve as receptors for the morula invasion.
The importance and characteristics of protein-carbohydrate
recognition mechanisms in host–pathogen interactions has been
extensively described in the literature [10–14]. The infection pro-
cess involves the attachment of pathogens to the surface of the epi-
thelial cell where the carbohydrate chains of the plasma
membrane glycoconjugates are the primary collision partners for
many pathogens [15]. For example, certain mammalian viruses
bind speciﬁcally to sialic acid-containing groups [16–18], while
others bind to glycosaminoglycans [19] or glycolipids [20–25]. In
most protozoans, glycosylated molecules, lectins, or lectin-like
molecules mediate the adhesion or invasion of the parasite ontolsevier B.V. All rights reserved.
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molecules on the surface of the female salivary gland that mediate
invasion by protozoan parasites of the genus Plasmodium (malarial
sporozoites) [28–30]. In the interaction between Trypanosoma ran-
geli and the cells of the salivary glands of the insect vector Rhodnius
prolixus, some surface carbohydrates, such as N-acethl-d-glucosa-
mine, N-acetyl-d-galactosamine and galactose, and lectin-like mol-
ecules, are involved in the adhesion process [31,32]. Interestingly,
no attempts have been made to date to characterize the interac-
tions between multicellular parasites and host cells. In the present
study, we examined the interactions between carbohydrate mole-
cules on the surface of the host embryo and/or C. ﬂoridanum mor-
ula, and their role in facilitating the invasion of the host embryo by
C. ﬂoridanum in vitro.Fig. 1. Invasion blocking assay. (A) A free-ﬂoating morula (arrowhead), which failed
to adhere or invade the host embryo (negative response). (B) A host embryo, outside
of which no morula co-cultured was found (positive response). Scale bars: 100 lm.2. Materials and methods
2.1. Insects
The parasitic wasp Copidosoma ﬂoridanum (Hymenoptera: Ency-
rtidae) and its natural host, the moth Thysanoplusia intermixta
(Lepidoptera: Noctuidae), were reared on an artiﬁcial diet at
25 C under a 16hL:8hD photoperiod as described [33].
2.2. Co-culture of wasp embryos and host embryos
Wasp eggs were obtained by dissecting the host eggs eight
hours after parasitism and were cultured in modiﬁed MGM 450
medium [34]. After four hours, the wasp eggs developed into the
morula, the invasive-stage embryo. In a hanging-drop of 20 ll test
medium, each morula was co-cultured with a host embryo ob-
tained by dissecting a 45–55 h-old unparasitized host egg [5]. Re-
agents for invasion blocking assay were added into the medium
as necessary (see Section 2.3. Invasion blocking assay reagents be-
low) and the pH was maintained at 6.4 for all assays. Whether or
not the morulae invaded into the host embryos was examined after
24 h. Morula invasion was evaluated as the disappearance of the
morula from the culture medium outside of the host embryo
(Fig. 1A and B) [5,9].
2.3. Invasion blocking assay reagents
Assay reagents at the following concentrations were added to
the modiﬁed MGM 450 medium: 5 mM sodium metaperiodate
(Wako, Japan); 12 500 U/ml Endo H (New England Biolabs, Inc);
12.5 mU/ml o-glycanase (ProZyme, Inc, USA.); 200 mU/ml a1-2
fucosidase (New England Biolabs, USA); 10 U/ml a1-2,3 mannos-
idase (New England Biolabs, USA). The following monosaccha-
rides were used at concentrations of 30 mM: D (+)-mannose
(Wako, Japan), L()-fucose (Wako, Japan), N-acethylneuramic
acid (NANA; Wako, Japan), glucose (Wako, Japan), N-Acethl-d-
glucosamine (GlcNAc; Sigma), galactose (Wako, Japan). The ﬁnal
concentrations of ﬂuorescein isothiocyanate (FITC)-labeled lec-
tins were 10 lg/ml, including Anguilla anguilla agglutinin (AAA,
a fucose-speciﬁc lectin found in the serum of the fresh water
eel, EY Laboratories, Inc., USA) [35], Triticum vulgaris agglutinin
(WGA; Vector, USA) and the Artocarpus integrifolia lectin (Jacalin;
Vector, USA).
2.4. Statistical analysis
Data were analyzed by chi-square test. Thirty three to 114 rep-
licates were performed for each reagent. For each replicate, a mor-
ula was co-cultured with a host embryo and the morula invasion
was investigated after 24 h.3. Results
3.1. N-linked oligosaccharide-mediated morula invasion
When C. ﬂoridanum morulae were co-cultured with host em-
bryos aged 45–55 h, more than 80% of the morulae successfully en-
tered the host embryo within 24 h. To determine whether
carbohydrates are involved in the morula invasion, the interaction
medium was supplemented with the following agents for carbohy-
drate digestion; sodium meta-periodate (periodate), which cleaves
the bonds between adjacent carbon atoms containing hydroxy
groups (cis-glycols), endo-beta-acetyl-glucosaminidase H (Endo-
H), which is responsible for endohydrolysis of the di-N-acetylchito-
biosyl unit in high-mannose-content glycopeptides, and o-glycosi-
dase, which cleaves the disaccharide unit Gal-beta(1–3)-Gal NAc
from o-linked oligosaccharides. During the 24 h of the morula-host
embryo interaction, periodate and Endo-H signiﬁcantly inhibited
morula invasion, affecting reductions of 92.9% and 88.6%, respec-
tively (P < 0.001). Conversely, o-glucosidase was not associated
with any reduction in morula–host embryo interactions (Fig. 2A).
3.2. Participation of fucose
The involvement of carbohydrates during the invasion of the
host embryo by C. ﬂoridanummorula was also evaluated by adding
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Fig. 2. Effect of carbohydrates on the morula invasion into the host embryo. Host
embryo and C. ﬂoridanum molura incubate with following agents for invasion
inhibitory assay. (A) Periodate and endoglycosidases. (B) Monosaccharides. (C)
Exoglycosidases. (D) Lectins. The number of replicates are as follows: control = 33,
periodate = 93, Endo-H = 76, o-glycosidase = 42, mannose = 42, fucose = 85,
NANA = 51, GlcNAc = 45, GalNAc = 42, glucose = 65, galactose = 48, fucosidase = 68,
mannosidase = 52, AAA = 86, WGA = 63, Jacalin = 71 (⁄P < 0.0001, d.f. = 1, v2 test
compared to control numbers.).
Fig. 3. Carbohydrate ligands including fucose residue were present on the host
embryo but not C. ﬂoridanum morula. Both host and wasp embryos were co-
cultured with FITC-conjugated AAA lectin. (A) Transmission image, (B) confocal
laser scanning image. The head of host embryo is left side. Arrowheads mean C.
ﬂoridanum morulae. Scale bar: 100 lm.
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NAc), d-glucose and d-galactose to the interaction medium at a ﬁ-
nal concentration of 30 mM. Of the seven carbohydrates tested,
only L-fucose inhibited morula invasion into the host embryo
(60.0% reduction; P < 0.001) (Fig. 2B), and no morula adhesion
was observed in the L-fucose-added medium. To examine whether
L-fucose on the cell surface affects morula invasion, the effect of
fucosidase was evaluated by adding it to the interaction medium.
The results showed that 200 mU/ml of fucosidase inhibited morula
invasion by 45.7% (P < 0.001), and that the addition of mannose
(control) did not affect morula invasion (Fig. 2C).
We also examined the effect of lectins as speciﬁc ligands for l-
fucose during morula invasion. Of the three lectins tested, only
AAA, which has an afﬁnity for L-fucosyl residues, signiﬁcantly
inhibited morula invasion by 80.3% (P < 0.001) (Fig. 2D). Con-
versely, the inhibitory effects of WGA, which has an afﬁnity forN-acetyl-b-d-glucosaminyl residues, and the Artocarpus integrifolia
lectin (Jacalin), which recognizes galactose - b - (1 - 3)- N - acety-
lgalactosamine, were not markedly (Fig. 2D).
3.3. Lectin staining of host embryo
The addition of FITC-labeled AAA lectin to the interaction med-
ium revealed that AAA lectin bound strongly to the surface of the
host embryo. Conversely, no ﬂuorescence was observed in C. ﬂori-
danum morula (Fig. 3), implying that l-fucose residues are present
on the surface of the host embryo and that they play a role in mor-
ula invasion. Similar results were obtained with other lectins
tested; only the periphery of the host embryo was labeled by
FITC-labeled WGA and Jacalin (data not shown).
3.4. Calcium-dependency in morula invasion
To examine the Ca2+-dependency of the morula invasion, vary-
ing concentrations of the calcium chelator EGTA (ethylene glycol
tetraacetic acid) were added to the interaction medium. The results
showed that the addition of 10 mM and 15 mM EGTA signiﬁcantly
inhibited morula invasion by 42.9% and 58.9%, respectively
(P < 0.001); however, lower EGTA concentrations (5 mM) did not
effect morula invasion (Fig. 4). The effect of EGTA could be partially
recovered if an excessive amount of Ca2+ (15 mM) was added to the
050
100
5 10 15
In
v
as
io
n 
(%
)
*
* *
EGTA conc. (mM)
+Ca 2+
+Mg 2+
15 15
Co
ntr
ol
Fig. 4. Calcium ions dependency of morula invasion. Both embryos co-cultured
under various conditions of EGTA and Ca2+ or Mg2+. The number of replicates are as
follows: control = 42, 5 mM EGTA = 45, 10 mM EGTA = 63, 15 mM EGTA = 65,
EGTA + Mg2 = 114, EGTA + Ca2 = 82 (⁄P < 0.0001, d.f. = 1, v2 test compared to
control numbers).
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the lectin(s) involved in morula invasion may belong to the cal-
cium-dependent (C-type) lectin family.
4. Discussion
Embryonic development of multicellular organisms is under
strict control, with cells undergoing extensive movement and rear-
rangement as they mature into organs and tissues during ontogen-
esis. Among the most important systems that develop in this way
are those that are related to the species, organ, and stage-speciﬁc
receptor–ligand relationships involved in recognizing speciﬁc part-
ner cells. Although the polyembryonic parasitic wasp Copidosoma
ﬂoridanum (Hymenoptera) and its host (Lepidoptera) are phyloge-
netically distantly related, wasp embryos behave as if they were
host cells and are capable of transmigrating between the epithelial
cells of the host embryo [9]. Microvilli of host epithelial cells are
considered to act as sensors for leading-edge epithelial cells during
such migration and cellular rearrangement events [36,37]; it is
these microvilli that mistakenly recognize the wasp embryos as
self, allowing the wasp to invade the host embryo without any in-
jury [9]. Carbohydrate/protein interactions have long been known
to play an important role in viral, bacterial, and malaria parasite
invasion [16,28]. In this study, we employed a transmigration
blocking assay with co-culturing method and revealed that the li-
gand on the host surface contained N-linked carbohydrate chains
with fucose residues.
Of the glycans expressed at the cell surface, fucose, a deoxyhex-
ose that is present in a wide variety of organisms, is considered to
be very important. Fucose-containing glycans have been reported
to be involved in selectin-mediated leukocyte-endothelial adhe-
sion, host–microbe interactions, and numerous ontogenic events,
including Notch-receptor signaling events [38–41]. The selectins
are calcium-dependent C-type lectins that recognize complex anio-
nic carbohydrate ligands and initiate numerous cell–cell interac-
tions in the mammalian vascular system. In addition, it has been
proposed that the selectin family of receptors play an important
role in mediating cell adhesion and cell–cell interactions during in-
sect development [42].
Intercellular communication between the surface of the T. inter-
mixta host embryo and its environment is mediated, in part, by car-
bohydrate–lectin interactions, and it is possible that the
carbohydrate ligands are employed by the parasitic wasp. Indeed,it is conceivable that the parasitic wasp C. ﬂoridanum may have
evolved a lectin capable of binding to a host carbohydrate ligand
in order to invade the host. In this study, the observed Ca2+ depen-
dency of the lectin was typical of C-type lectin involvement. We
previously demonstrated that C. ﬂoridanum embryos did not attach
or invade factitious host Mamestra brassicae embryos in vitro [5],
implying that these carbohydrate ligands are species-speciﬁc. In-
deed, further investigations into carbohydrate ligands may help
to resolve the recognition mechanisms employed by C. ﬂoridanum
to invade the host.
Certain pathogenic invasive bacteria and viruses entering the
host cells express surface proteins for binding to the corresponding
receptors on the host cell surface; these surface proteins are likely
to be involved in cell matrix or cell-cell adhesion and may include
integrins [43,44] or cadherins [45,46]. Synthetic Arg-Gly-Asp
(RGD) peptides inhibit integrin binding in vitro [47] and a peptide
containing the species-speciﬁc His-Ala-Val (HAV) motif has been
shown to inhibit cell aggregation in homophilic E-cadherin binding
[48]. This manuscript showed that the RGD peptide did not prevent
C. ﬂoridanum invasion, suggesting that integrin is not concerned
with invasion (Supplemental Fig. 1). However, alternative binding
motifs have been reported in integrins. For example, although the
pathogenic bacterium Yersinia pseudotuberculosis protein, invasin,
lacks an RGD motif, it is still capable of binding to other sites on
the host integrin [44]; in the C. ﬂoridanum embryo, it is not known
whether invasin or invasin-like peptides exist or not and further
investigations are required to determine the involvement of these
peptides in conferring the ability of the C. ﬂoridanum embryo to in-
vade the host embryo. On the other hand, this study showed that
HAV peptides containing a sequence motif that is conserved among
lepidopteran insects prevented C. ﬂoridanum invasion in the block-
ing assay (Supplemental Fig. 1). In the host embryo, E-cadherins
may mediate several aspects of cell adhesion, such as cell sorting,
cell positioning, epithelial integrity, and cell migration [49,50]. E-
cadherin has been widely reported to promote epithelial morpho-
genesis and inhibit invasive behavior [51]. In Drosophila embryos,
E-cadherin has been shown to provide sufﬁcient traction for the
border cells to grip the nurse cell surfaces upon which they are
migrating [52,53]. It is possible that the role of E-cadherin in C. ﬂor-
idanum invasion may similarly facilitate traction of the wasp em-
bryo through the host embryonic epidermal cells.
Numerous pathogenic bacteria and parasites are known to ex-
ploit the carbohydrate ligands on host cells. While these pathogens
may physically bore or enzymatically dissolve the surface of the
host cells to enter it, the embryos of the polyembryonic parasitic
wasp C. ﬂoridanum enter the cells of their host without causing
any damage to the cells. We partially revealed the molecular mech-
anism employed by C. ﬂoridanum to invade the embryos of its host
and present the ﬁrst evidence of molecular mimicry in interactions
between multicellular organisms. C. ﬂoridanum embryos migrated
between host cells using host carbohydrate ligands, N-linked car-
bohydrate chains with fucose residues, and E-cadherin. The lectins,
cadherins or extracellular membrane components in C. ﬂoridanum
may have evolved over time to recognize the host ligands typically
used for self cell recognition or cell adhesion. In future, other rec-
ognition materials and adhesion molecules should investigated for
possible involvement in C. ﬂoridanum transmigration. Further char-
acterization of carbohydrate and adhesion molecules will help us
to understand the role of these carbohydrate moieties during C.
ﬂoridanum embryo invasion.
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